We used alternative exon-speci®c probes to determine the accumulation of transcripts encoding myosin heavy chain (MHC) isoforms in Drosophila melanogaster embryos. Six isoforms accumulate in body wall muscles. Transverse (external) muscles express a different major form than intermediate and internal muscles, suggesting different physiological properties. Cardioblasts express one of the somatic muscle transcripts; visceral muscles express at least two transcript types. The pharyngeal muscle accumulates a unique Mhc transcript, suggesting unique contractile abilities. Mhc transcription begins in stage 12 in visceral and somatic muscles, but as late as stage 15 in cardioblasts. This is the ®rst study of myosin isoform localization during insect embryogenesis, and forms the basis for transgenic and biochemical experiments designed to determine how MHC domains regulate muscle physiology. q
Introduction
The functional diversity of skeletal muscles is dictated largely by the contractile protein isoforms expressed during their development. A key protein in this regard is myosin heavy chain (MHC), the major constituent of thick ®laments of the contractile apparatus. MHC is a molecular motor that binds actin-containing thin ®laments. When bound to actin, myosin undergoes ATP-dependent conformational changes that propel thin ®laments past thick ®laments, resulting in muscle contraction. De®ning the developmental expression pattern of alternative myosin isoforms provides insight into the molecular bases of muscle-speci®c physiology.
Drosophila melanogaster has a single muscle Mhc gene that gives rise to multiple MHC isoforms by alternative RNA splicing (Bernstein et al., 1983; Rozek and Davidson, 1983; Wassenberg et al., 1987; George et al., 1989; Hess et al., 1989; Collier et al., 1990) . Drosophila Mhc transcripts contain 18 or 19 exons (Fig. 1) . Thirteen of these are constitutively expressed, ®ve are chosen from two or more alternatively spliced versions (exons 3, 7, 9, 11 and 15) , and the penultimate exon (exon 18) is included or excluded from the mRNA. Exon 18 encodes a single carboxyl-terminal amino acid at the tail of adult MHC isoforms. It is spliced out of embryonic Mhc transcripts allowing the use of exon 19, which encodes a 27 amino acid carboxyl-terminus. The Cterminus may be involved in myosin assembly (Kuczmarski and Spudich, 1980) . Exons 15a/15b encode the central hinge region of the myosin rod, which may affect muscle contraction as a result of undergoing a helix±coil transition (Ueno and Harrington, 1986a,b) . Exons 3, 7, 9 and 11 encode regions within the myosin S1 domain (Bernstein and Milligan, 1997) . The regions encoded by exons 3 and 9 are near the highly reactive sulfhydryl residues. This portion of the protein is important in transducing chemical energy from ATP hydrolysis into mechanical movement. Exon 7 encodes a region at the lip of the ATP binding pocket and might in¯uence nucleotide exchange at the active site. Exon 11 encodes a region at the beginning of the`neck' of the molecule that links the essential light chain binding region to the long helical region encoded by exon 9. This domain may determine the degree of the power stroke or its speed.
The alternative exons in the Drosophila Mhc gene can generate 480 MHC isoforms (Fig. 1) . Northern blot analysis showed that at least ten MHC isoforms are expressed during Drosophila development (George et al., 1989) . In situ hybridization studies indicated that transcripts encoding at least four MHC isoforms accumulate in adult thorax muscle ®bers (Edwards, 1990; Hastings and Emerson, 1991; Kronert et al., 1991) . These are located in the direct¯ight, indirect¯ight, jump and visceral muscles. In addition, screening an embryonic cDNA library identi®ed transcripts encoding four embryonic MHC isoforms (Edwards, 1990; Kronert et al., 1991; Wells et al., 1996) , but the localization and differential function of these isoforms are unknown.
Our previous in vivo and in vitro studies showed that Drosophila MHC isoforms are functionally distinct. While a transgene encoding an embryonic MHC rescues the viability of MHC null mutants, it does not restore¯ight or jumping ability (Wells et al., 1996) . Biochemical and biophysical comparisons of the properties of the embryonic and indirect ight muscle isoforms indicate that they differ in ATPase rates and the velocities at which they move actin ®laments in vitro (Swank et al., 2001) .
No data exist on the spatial expression of myosin isoforms during embryo development in Drosophila or other insects. Therefore, we carried out studies to learn whether the multitude of body wall muscles express different MHC isoforms, if these isoforms change during development, and whether specialized tissues, such as cardiac and pharyngeal muscles, accumulate speci®c myosin isoforms.
Our data provide insight into how diverse insect muscles achieve their structural and functional identities and will allow us to interpret in vitro and transgenic studies designed to compare functional properties of the various myosin isoforms.
Results

Expression of alternative exons in somatic muscles
In Drosophila, the complicated pattern of somatic body wall muscles is formed by 13 h after egg laying and remains unchanged until the end of the larval stage (Bate, 1990) . There are approximately 30 somatic muscles in each hemi-segment. They are numbered and divided into the external, intermediate and internal muscle groups (Fig. 2, Fig. 1 . Structure of the Drosophila Mhc gene. Introns are shown as horizontal lines. Constitutive exons are ®lled boxes and alternative exons are empty boxes. Fig. 2 . The somatic body wall muscles of the abdominal segments of the Drosophila embryo (after Bate, 1990 Bate, , 1993 . modi®ed from Bate, 1990 Bate, , 1993 . To simplify the description of the results, we limited our examination of the expression of Mhc alternative exons to abdominal segments 2±7 (A2±7).
Exons 3a and 3b
Our hybridization results show that the majority of somatic muscles express exon 3a (Fig. 3A) . Eight of ten muscles in the intermediate muscle group, and all ten in the internal muscle group express 3a (Table 1) . In contrast, all of the external muscles exclusively express exon 3b; the ventral oblique 3 muscle (VO-3) is an exception (Fig. 3B) . Interestingly, all of the transverse muscles of this group express exon 3b as can be seen by the distinctive cross-stripe pattern repeated in each segment of the embryo. Ventral acute 1±3 (VA 1±3) and dorsal oblique 1±2 (DO 1±2) muscles only express exon 3b. However, dorsal oblique 3 (DO-3), dorsal acute 1±3 (DA 1±3) and segment border muscles (SBM) use both exons 3a and 3b ( Fig. 3A,B ; Table 1 ).
Exons 7a, 7b, 7c and 7d
Exon 7a was by far the dominant version of the exon 7 series expressed in embryos, as it is detected in all somatic muscles ( Fig. 4A ; Table 1 ). Exon 7b is very weakly expressed in conjunction with 7a in ventral longitudinal 1±2, DO-1 and DO-2 muscles (Fig. 4B) . We observed no expression of exons 7c and 7d during embryogenesis.
Exons 9a, 9b and 9c
Our hybridization analysis showed that exon 9a is not expressed during embryo development. The expression patterns of exons 9b and 9c (Fig. 5) resemble, but are not identical to, those of exons 3a and 3b, respectively. Exon 9b, like 3a, is expressed in most somatic muscles (Fig. 5A) , with the exception of the transverse and VA 1±2 muscles. Exon 9c is utilized nearly exclusively in the external muscles, as revealed by a cross-stripe expression pattern ( Fig. 5B ; Table  1 ). However, external muscles VO-3 and VA-3 express exon 9b. Internal muscles DA 1±2 express both exons 9b and 9c.
Exons 11e, 11a, 11b, 11c and 11d
Of the ®ve alternative choices, only exons 11c and 11d are expressed in embryonic muscles. Their expression pattern is similar to, but not as distinct as the pattern observed for exons 3 and 9. Speci®cally, exon 11c is expressed in longitudinal, dorsal oblique and ventral acute muscles ( Fig. 6A ; Table 1 ), whereas exon 11d is expressed in the transverse, VO-3, DA-1 and DA-2 muscles (Fig. 6B) . Exons 11c and 11d are co-expressed in the intermediate ventral oblique muscles (Fig. 6A,B) .
Exons 15a and 15b
We did not detect the expression of exon 15a during embryogenesis (Fig. 7D ). Exon 15b is expressed in all somatic muscles (Fig. 7A) , showing the same pattern as that of exon 7a ( Fig. 4A ; Table 1 ).
Expression of alternative exons in other muscles
Cardioblasts
Cardioblasts exclusively express exons 3a, 7a, 9b, 11d and 15b (Figs. 3C,D, 4C,D, 5C,D, 6C,D and 7B).
Visceral muscles
The visceral muscles of the digestive tract accumulate 
Pharyngeal muscles
The pharyngeal muscle expresses a single, unique transcript that includes exons 3a, 7b, 9b, 11d and 15b. This form is not found in any other embryonic muscle (Figs. 3E, 4F, 5E, 6F and 7C).
MHC isoform expression
Combining the expression pattern of each of the alternative exons reveals that there are at least seven different Mhc transcripts expressed during embryogenesis ( Table 2) . Six of the seven types are expressed in the somatic muscles, and a unique type is found in pharyngeal muscles. The somatic muscles chie¯y utilize four Mhc transcripts. Three transcripts, 3a-7a-9b-11c-15b, 3b-7a-9b-11c-15b and 3a-7a-9b-11d-15b, are expressed in the internal and intermediate muscle groups, whereas a fourth transcript, 3b-7a-9c-11d-15b, is found mainly in the external muscles. Cardioblasts in the heart structure express one of the somatic transcript types, 3a-7a-9b-11d-15b, whereas visceral muscles express at least two types of transcripts. All transcripts lack exon 18, the penultimate exon, since previous studies showed that this exon is not expressed in embryonic or larval tissues (Rozek and Davidson, 1983; Bernstein et al., 1986; George et al., 1989; Kazzaz and Rozek, 1989; Hastings and Emerson, 1991; Wells et al., 1996) .
Of the 30 body wall muscles in each segment of the embryo, 16 express only one exon from each set of alternative exons (Table 1 ), indicating that these muscles accumulate only one type of MHC isoform. They are the transverse, VA 1±3, VO-3, some of the longitudinal muscles (LL 1, VL 3±4), the lateral (LO-1), and dorsal oblique 4±5 (DO 4±5) muscles. Twelve muscles express two exons from the same series, along with one version from each of the other four sets, suggesting that these muscle types contain two different MHC isoforms during embryogenesis. They are the DA-3, SBM, VL 1±2, DO 1±3 and VO 1±2 and 4±6 muscles. The expression of exon 7b in the VL 1±2 and DO 1±2 muscles is very weak, so we have not included the RNA containing this exon in our tabulation of transcripts identi®ed ( Table 2) . The DA 1±2 muscles may contain four types of Mhc transcripts (Table 1 ). The visceral muscles may express as many as 16 different Mhc transcripts. However, it is dif®cult to identify the expression pattern of visceral muscles in whole embryos under the light microscope, since they can appear as overlapping layers and each layer might utilize a different MHC isoform.
Temporal expression of alternative exons during embryogenesis
During our analysis, we observed the accumulation of transcripts in embryos from the onset of Mhc transcription through late embryogenesis. Although the time that transcription initiated varied somewhat between muscle types and among abdominal segments, we observed no alternative exon changes within a single muscle during embryogenesis.
Because exon 7a is ubiquitously utilized in somatic muscles, we used its expression to follow the time course of Mhc transcription from embryonic stages 12 through 15 in detail (Fig. 8) . Embryos express Mhc transcripts by late stage 12 (Fig. 8A) . During this stage, hybridized products form a short band in the posterior abdominal segments 4±7. No hybridization was detected in the remaining regions of embryos, except for a slightly weaker signal lining the ventral portion of the midgut. At stage 13, densely hybridized products accumulated in all 11 segments, including the thorax and terminal areas (Fig. 8B,C) , forming a very short dark band in the region of ventral longitudinal and oblique muscles in each segment. Only moderate hybridization is observed in the lateral transverse muscle area, and a low level of probe accumulates near the dorsal region of the embryo (Fig. 8C) . Note that the muscle ®ber morphology is still indistinct at stage 13, and some of the muscle ®bers may not express detectable levels of Mhc transcripts. At stage 14, most muscle ®bers accumulate high levels of Mhc RNA. All body wall muscles in A2±7 are easily identi®ed, although the shape of some muscles in the head region is still indistinct (Fig. 8D) . The temporal pattern of alternative exon expression during stages 12 through 14 shows that Mhc transcripts accumulate from posterior to anterior segments, and spread outwards towards lateral regions of the embryo and from ventral toward dorsal areas within each segment.
We did not observe Mhc transcription in cardioblasts until late stage 15 (Figs. 3C, 4C , 5C, 6D and 7B). This is surprising, since movement of hemolymph by the heart could be expected to be important for embryo development. Visceral muscle Mhc transcription started at stage 12, in conjunction with expression in somatic muscles.
Discussion
We found that only seven Mhc transcripts are expressed during Drosophila embryogenesis (Tables 1 and 2 ). Exons 3a/b, 7a/b, 9b/c, 11c/d and 15b are expressed, whereas exons 7c/d, 9a, 11e/a/b and 15a are not. This corresponds with previous northern blot data (George et al., 1989; Collier et al., 1990; Kronert et al., 1991) , although the expression of exons 7c, 9a and 11a was reported for larval RNA (George et al., 1989) . However, the exon 9a probe used by George et al. cross-hybridized to other exon 9 family members (Kronert et al., 1991) . This may be true for exons 7c and 11a. Alternatively, these exons may not be expressed until the larval stage or their expression may be below the detection limits of in situ hybridization. The latter appears to be the case for exon 11a, since an embryonic cDNA clone contains this exon (Table 2 ; Wells et al., 1996) .
Drosophila expresses multiple isoforms of MHC in a number of muscles (Table 1) . Muscle ®bers with multiple MHCs also occur in vertebrates and can appear during physical training or result from changes in hormonal state (Pette and Staron, 1990; DeNardi et al., 1993; Larsson and Moss, 1993; Bottinelli et al., 1994) . In mammalian cardiac muscle, MHC-a and MHC-b isoforms can form heterodimers (Dechesne et al., 1987) . In the nematode, Caenorhabditis elegans, minor and major MHC isoforms can exist as heterodimers within a thick ®lament (Waterston, 1989) . It is not known if myosin heterodimers occur in Drosophila.
Functional consequences of MHC isoform variation
Myosin isoform variation is likely to contribute to differing physiological properties of Drosophila muscle types (Peckham et al., 1990) . At least 14 Mhc isoforms accumulate during Drosophila development (Table 2) . Slow-twitch adult visceral and larval muscles express exons 3a±b, 7a, 9b±c, 11c±d, 15b and exclude exon 18 (Kazzaz and Rozek, 1989; Collier et al., 1990; Hastings and Emerson, 1991; Kronert et al., 1991) . The oscillatory indirect¯ight muscle expresses exons 3b, 7d, 9a, 11e, 15a and exon 18, whereas fast-twitch jump muscle expresses the same exon set, except with exon 11b substituting for 11e. Muscles that contract at intermediate rates (leg, proboscis) use exon 9b. These muscles have some transcripts containing exon 15a and some with exon 15b and may include or exclude exon 18. Overall, these observations suggest that exons 7a, 9b±c, 11c±d, 15b and 19 are generally responsible for encoding MHC isoforms of slow contractile muscle, whereas exons 7d, 9a, 11b, 15a and 18 are required for MHC isoforms of fast contractile muscle.
During Drosophila embryogenesis, variation in the expression pattern of MHC in the body wall and visceral muscle arises from the inclusion of alternative versions of exons 3, 9 and 11 (Table 1) . Bernstein and Milligan (1997) found that these encoded domains surround the fulcrum, about which, the long alpha-helix`lever arm' containing the light chains pivots during the power stroke (for review, see Goldman, 1998) . The exon 9 domain reaches from near the actin binding site toward the ATPase active site. Exon 11 encodes a portion of the protein that links the long helical region encoded by exon 9 to the lever arm. The exon 3 region is near the junction of the two other domains, close to the site of ATP hydrolysis. The regions encoded by exons 3 and 9 may work together to receive the chemical energy from ATP hydrolysis. The exon 9 encoded region may convert this energy into the conformational change needed for actin binding. Actin binding could result in the transmission of a conformational change via the exon 9 region to the exon 11 region, in¯uencing the degree or velocity of the power stroke. Thus, the three domains may act in conjunction to allow communication among the site of ATP hydrolysis, the actin binding site and the lever arm. The particular domain combination found in an embryonic muscle would de®ne the properties of the myosin isoform and thereby regulate the contractile velocity and force output of the muscle.
Our results show that four Mhc transcript types predominate in body wall muscle during Drosophila embryogenesis. The ®rst three (3a-7a-9b-11c-15b, 3b-7a-9b-11c-15b and 3a-7a-9b-11d-15b) accumulate in the intermediate and internal muscle groups (Table 1 ). The fourth type (3b-7a-9c-11d-15b) predominates in the transverse ®bers of the external muscle group (Table 1) . Presumably, all of these muscles are slow-twitch in character. Our transgenic isoform-switch experiment (Wells et al., 1996) supports this notion and provides experimental evidence that MHC is important in de®ning contractile properties of Drosophila muscles. We found that¯ies forced to express the 3a-7a-9b-11c-15b embryonic transcript have a slower ambulatory rate than wild-type¯ies.
The limited expression of one of the major Mhc transcripts of embryos to transverse muscles suggests that the contractile ability of transverse muscles differs from other somatic muscles in the embryo. A study describing two sets of body wall muscles that have distinct functions in a caterpillar (Wigglesworth, 1972) may be of relevance. The ®rst muscle set consists of small bands running across the many folds in the skin and has the sole function of maintaining a steady internal pressure (`turgor muscles'). The second set is the true`locomotion muscle'. If this applies to Drosophila, the MHC isoform of transverse muscles may serve to maintain a constant internal pressure through its in¯uence upon the contractile ability of these muscles.
A functional association may exist between MHC and actin isoforms in the embryonic somatic muscles. Drosophila has six actin genes (Fyrberg et al., 1980; Tobin et al., 1980) . Only the genes Act57B and Act87E are expressed in embryonic and larval muscle tissues (Fyrberg et al., 1983) . Act87E transcripts are restricted to a small subset of the lateral body wall transverse muscles (Tobin et al., 1990) , which may correspond to the cells expressing the Mhc transcript with exons 3b-7a-9c-11d-15b. Act57B appears to be expressed in most longitudinal, oblique and acute somatic muscles (Tobin et al., 1990) . These muscles predominantly express the other three major embryonic Mhc transcripts. The co-expression of Act87E actin and the 3b-7a-9c-11d-15b myosin isoform may distinguish transverse muscle contractile properties from those of the other embryonic somatic muscles.
MHC isoforms in the embryonic heart and visceral muscles
The dorsal vessel, the heart of Drosophila, is a relatively simple organ. It contains three cell types: the cardioblasts or myocardial cells in the mature heart, the pericardial cells whose function has been elusive (Crossley, 1985; Zaffran et al., 1995) , and alary muscles. In this study, a single transcript containing the exon combination 3a-7a-9b-11d-15b was found in cardioblasts beginning at late stage 15. No hybridization occurred in the other cells of the heart. The absence of Mhc transcripts in pericardial cells was predicted, based upon a failure to detect MHC protein in these cells (Bate, 1993) . While it might be expected that cardiac muscle would have a unique MHC isoform due to its oscillatory contractile properties, this is not the case. This situation is mirrored in vertebrates where a myosin isoform is expressed in both cardiac muscle and some skeletal muscles, e.g. the b-cardiac MHC isoform is expressed in some slow skeletal muscle ®bers of humans (for review, see Weiss and Leinwand, 1996) .
The visceral muscles, like the embryonic body wall muscles, are supercontractile; 8±12 thin ®laments surround each thick ®lament and thick and thin ®laments are poorly organized compared with those of adult tubular and ®brillar muscles (O'Donnell et al., 1989; Bernstein et al., 1993) . The visceral muscles express the same set of alternative exons as the somatic musculature of embryos, suggesting that they share similar contractile properties. In contrast to many somatic muscles, each visceral muscle appears to express more than one MHC isoform.
Embryonic Mhc transcripts and myogenic transcription factors
Muscle-speci®c expression of different Mhc transcripts in Drosophila is likely to result from speci®c trans-acting factors that dictate their alternative splicing. The expression of muscle-speci®c alternative splicing factors may be regulated by transcription factors that are expressed in subsets of muscle precursors and muscles (reviewed by Bate, 1990; Bernstein et al., 1993; Abmayr et al., 1995) . The embryonic origins of particular muscle precursors (Borkowski et al., 1995) may dictate the expression pattern of the myogenic transcription factors. Mutation of the myogenic transcription factor genes apterous (Bourgouin et al., 1992) , nautilus/ Dmyd (Keller et al., 1998; Misquitta and Paterson, 1999) , slouch/S59 (Knirr et al., 1999) , tinman/msh2/NK4 (Azpiazu and Frasch, 1993; Bodmer, 1993) , pointed-2 (Klambt, 1993) , zfh-1 (Lai et al., 1993) , ladybird early/late (Jagla et al., 1998) and collier (Crozatier and Vincent, 1999) result in the absence or displacement of muscle subsets. This suggests that the muscle-speci®c developmental program, possibly including MHC isoform production, is regulated by these transcription factors.
There is a correlation between the expression patterns of various transcription factors and speci®c alternative Mhc transcripts. The external muscles mainly express Mhc transcripts containing alternative exons 3b-7a-9c-11d-15b. Most of these muscles express apterous and/or slouch/S59 transcription factor genes. The intermediate and internal muscle groups, which accumulate the other three major Mhc transcripts, express nautilus/Dmyd, pointed-2, tinman, ladybird, collier and/or zfh-1. Thus, apterous and slouch/ S59 may regulate the expression of one embryonic type of Mhc transcript, whereas the remaining transcription factor genes may regulate the expression of the other Mhc transcripts. This regulation is likely to be indirect, through the activation or repression of genes encoding particular alternative splicing factors or by the synthesis of proteins that modify splicing factor function.
Concluding comments
The embryonic muscles in Drosophila express a limited set of MHC isoforms. These accumulate in a muscle-speci®c pattern during development. The location of alternative protein domains within the MHC head suggest that these regions form functional units, resulting in isoform-speci®c ATPase activities, actin binding af®nities and conformational changes during the contractile cycle. We are determining this through the biophysical, enzymatic and structural analysis of myosin isoforms isolated from transgenic lines engineered to express speci®c alternative exons (Wells et al., 1996; Swank et al., 2001) . These studies, in conjunction with our tissue localization results, should de®ne the contributions made by different MHC isoforms to muscle physiology.
Experimental procedures
4.1. Mhc exon clones, preparation of digoxigenin-labeled RNA probes and hybridization strategy Mhc restriction fragments were selected from plasmid subclones of a Drosophila Canton S genomic library (Bernstein et al., 1983) , and ligated to the pBluescript KS(1/2) T3/T7 transcription vector (Stratagene). The nucleotides included in each subcloned Mhc fragment are numbered according to George et al. (1989) and are identi®ed by the exon they contain as follows: exon 7a, 4573 (XbaI) to 4941 (HindIII); exon 7b, 4941 (HindIII) to 5297 (HindIII); exon 7c, 5297 (HindIII) to 5843 (EcoRV); exon 7d, 5843 (EcoRV) to 6594 (EcoRI); exon 11e, 10883 (BglI) to 10947 (BamHI); exon 11a, 11237 (KpnI) to 11380 (HindIII); exon 11b, 11380 (HindIII) to 12265 (ClaI); exon 11c, 12265 (ClaI) to 12439 (SalI); exon 11d, 12605 (HindIII) to 13032 (ClaI); exon 15a, 17065 (PvuI) to 17157 (AvaI); exon 15b, 17157 (AvaI) to 17753 (HindIII).
The subclones of exons 7, 11 and 15 were used as templates to prepare digoxigenin-labeled antisense RNA by in vitro transcription (Genius 4 Kit, Boehringer, Mannheim). Control RNA probes were labeled with digoxigenin by in vitro transcription of exons 7, 11 and 15 sense strands (these yielded no signal following hybridization). Each RNA probe was denatured at 658C for 5 min, chilled on ice, and added to RNA probe hybridization buffer (RNA-HB). The RNA-HB, modi®ed from Simmons et al. (1989) , contained RNA probe (0.8 mg/ml), tRNA (25 mg/ml), formamide (50%), dextran sulfate (10%), Denhardt's solution (1£), sodium chloride (0.3 M), Tris buffer (10 mM; pH 8.0), EDTA (1 mM; pH 8.0), heparin (10 mg/ml) and Tween-20 (0.1%).
Oligonucleotide synthesis, digoxigenin labeling reactions and hybridization strategy
The sequence differences between exons 3a and 3b, as well as that between exons 9a, 9b and 9c, are minimal. This is especially the case for the exon 9 series (only 5±8% variation). To obtain speci®c hybridization, we synthesized antisense DNA oligonucleotide probes (Applied Biosystems 382 DNA synthesizer) corresponding to the most divergent portions of the alternative exons of the same exon series. The sequence difference between the exon 3a and 3b probes is 55% and that between the exon 9 series probes is 28±35%. For each oligonucleotide, 100 pmol was 3 H end-labeled with digoxigenin-dUTP using terminal transferase (Genius 6 kit, Boehringer Mannheim). Each oligonucleotide probe was subsequently precipitated, puri®ed, denatured at 658C for 10 min and added to DNA-oligo hybridization buffer (DNA-HB). The DNA-HB contained formamide (25%), SSC (5£), Denhardt's solution (1£), denatured salmon sperm DNA (100 mg/ml), heparin (50 mg/ml), Tris buffer (10 mM; pH 8.0), EDTA (1 mM; pH 8.0), Tween-20 (0.1%), and poly dA (10 mg/ml).
To prevent the labeled probe from cross-hybridizing to transcripts containing alternative exons in the same series, each labeled probe was hybridized to embryos in the presence of a 10±50-fold unlabeled oligonucleotide competitor. Oligonucleotides synthesized to the alternative exon(s) in the same series served as competitors. For example, to determine the expression of exon 9a, embryos were incubated with the digoxigenin-labeled exon 9a probe and unlabeled exon 9b and 9c oligonucleotide probes.
In situ hybridization to whole-mount embryos
Embryos of wild-type (Canton-S)¯ies were collected on agar/grape juice plates and kept at 258C. In situ hybridization with digoxigenin-labeled probes was carried out according to the procedure developed by Tautz and Pfei¯e (1989) ; Lehmann and Tautz (1994) ; Simmons et al. (1989) , with several modi®cations. The embryos were washed, dechorionated, ®xed in a 4% paraformaldehyde and heptane mixture for 20 min, devitellinized, rehydrated, and ®xed again in 4% paraformaldehyde. Samples were then washed brie¯y with PBT (PBS; 0.1% Tween-20) and treated with proteinase K (25±50 mg/ml) for 3±5 min. After a wash in 2 mg/ml glycine, and a wash with PBT, embryos were treated with 0.2 M HCl for 10 min. Following a third ®xation in 4% paraformaldehyde and subsequent PBT wash, the samples were prehybridized in DNA-HB at 40±428C for 1 h. Samples were placed in DNA-HB containing the denatured digoxigenin-labeled probe (10 pmol/ml) and unlabeled competitor probe(s) for 16 h at 40±428C, depending on the length and GC content of the labeled probe. For RNA probes, embryos were hybridized directly in the RNA-HB that contained the RNA probe at 56±588C for 16 h. Following the hybridization, embryos were washed twice with 4£ SSC. Embryos hybridized with RNA probe were treated with RNase A (20 mg/ml) at 378C for 30 min. Embryos hybridized with either DNA probes or RNA probes were washed with 2£ SSC and then 1£ SSC at room temperature. The embryos were incubated in 0.5£ SSC for 30 min, either at 40±428C to remove non-speci®cally bound DNA probes or at 628C for RNA probes. Samples were washed brie¯y in PBT prior to incubation with alkaline phosphatase conjugated anti-digoxigenin antibody (diluted 1:1000±2000) for 1 h at room temperature. Samples were washed in PBT for 2 h, and subsequently washed in 100 mM Tris±HCl, 100 mM NaCl, 50 mM MgCl 2 (pH 9.5). Finally, the embryos were transferred to a glass dish and developed for color in alkaline phosphatase substrate solution. The reaction was stopped with repeated washes of PBT. The embryos were stored in 70% glycerol at 48C prior to being mounted onto slides. Samples were analyzed and photographed with a Nikon UFX-II microscope using a dark blue ®lter and Nomarski (DIC) optics. speci®c clones and consulting on probe preparation. The
